Although there is considerable evidence supporting an ubiquitous magnetic field in solar/stellar photospheres, its impact in the determination of abundances has never been quantified. In this work we investigate whether the magnetic field plays a measurable role for this kind of studies. To that end, we carry out simulations of spectral line formation in the presence of a magnetic field, and then use those profiles to derive the abundance of several atomic species (Fe, Si, C and O) neglecting the magnetic field. In this way, we find that the derived iron abundance can be significantly biased, with systematic errors up to 0.1 dex. In the case of silicon, carbon and oxygen their role is very marginal (errors smaller than 0.02 dex). We also find that the effect of the magnetic field strongly depends on its inclination with respect to the observer. We show that fields that are aligned with the observer lead to an underestimation of the real abundance, whereas more inclined ones overestimate it. In the case of a mixture of fields with different inclinations these effects are likely to partly cancel each other out, making the role of the magnetic field even less important. Finally, we derive a simple model that can be used to determine the suitability of a spectral line when we wish to avoid the bias introduced by the neglect of the magnetic field.
introduction
From the very first determinations of solar and stellar abundances using 1D semi-empirical atmospheric models (e.g. Lambert 1968 , Lambert & Warner, B. 1968 , Grevesse 1968 , Garz et al. 1969 ) to more recent values obtained from state-of-the-art 3D hydrodynamical simulations (e.g. Asplund et al. 2005a) , the role of the magnetic field has rarely been considered. This would be strictly valid only if atomic transitions with zero Landé factors are used in the analysis. Unfortunately this has never been the case. The reason for this is that there are few magnetic insensitive spectral lines having accurate oscillator strengths. In the case of the Sun, the role of the magnetic field has been avoided by arguing that the FTS-disk center spectral atlas (Brault & Neckel 1987; Neckel 1999) , which is the most common source to compare observed and simulated line profiles, was recorded around a quiet Sun region.
The existence of significant magnetic flux in quiet Sun regions has passed unnoticed because this magnetic field organizes in patches of opposite polarity 1 over very small scales, leading to a cancellation of the polarization signals. However, there is now strong evidence supporting the omnipresence of magnetic fields in regions previously thought to be void of them Manso Sainz et al. 2004) . The details about its actual strength and distribution are subject to debate, however. This is even more critical when disk integrated data is used in stellar abundances studies (e.g. Allende Prieto et al. 2002) , in particular if the star is magnetically active (Ap-Bp types), as regions of strong magnetic field (i.e.: starspots) can have a large influence.
Although the magnetic field will mainly affect the polarization signals, it also has an impact on the intensity profiles (Stokes I), being this particularly important because this effect on the intensity profiles adds up regardless of its polarity. If not accounted for, this might lead to systematic errors in the abundance values derived from the fitting. The goal of this work is to asses the importance of neglecting the role of magnetic fields. To that end we will perform simplistic simulations of intensity profiles of various important atomic elements in the presence of a magnetic field. In Section 2 we describe the synthesis code employed, the spectral lines used and we briefly review the Zeemann effect applied to Stokes I. In Section 3 we study how the strength and inclination of the magnetic field taintes the inferred abundances of iron, silicon carbon and oxygen when the existence of this field is neglected. In Section 4 we derive a simple model that is able to quantitatively predict the commited error. Section 5 is devoted to studying if results from our simple modeling could differ significantly if the same investigation is performed using more realistic 3D MHD models. Section 6 summarizes our findings and anticipates possible future work.
spectral lines synthesis

Synthesis code
We have employed the SIR code (Ruiz Cobo & del Toro Iniesta 1992) to produce synthetic spectral lines. This code solves the radiative transfer equation in the presence of a magnetized plasma. Although SIR synthesizes the full Stokes vector, we will restrict ourselves to consider only the total intensity, Stokes I, as done in most abundance studies. In addition, SIR allows for the magnetic field vector to be a function of the optical depth, but in this work we will consider it constant.
The Harvard-Smithsonian Reference Atmosphere (HSRA; Gingerich et al. 1971 ) was used in our calculations. Note that using this 1D LTE semi-empirical model means that we study the impact of the magnetic field alone, that is, we assume that other important ingredients of the spectral line formation are already being accounted for. For instance, the magnetic field couples with the energy and momentum equation, resulting in a modification of the temperature stratification. In our analysis we are assuming that the correct temperature stratification and convective velocity fields are known (i.e.: obtained through realistic 3D simulations) and therefore we focus on the magnetic field. If this was not the case, small errors in the temperature or velocities would dominate over the neglect of the magnetic field.
To account for the convective broadening of the spectral lines we use, unless otherwise specified, a macroturbulent velocity of 2 km s −1 and a microturbulent velocity of 1 km s −1 . We anticipate (see Section 5) that these values have no particular consequences in our discussion.
Spectral line selection
We have decided to focus our study on four important atomic elements: Fe I, Si I, C I and O I. Iron is particularly important because it shows a large number of atomic transitions at visible wavelengths, and therefore it is often used to investigate solar and stellar atmospheres. In addition, it is commonly used to distinguish whether a star is first or second generation since heavier elements are only produced in Supernova explosions (Christlieb et al. 2002) . Silicon is important in the solar context as it is used, together with iron, to compare with meteoritic abundances (Asplund 2000) . Oxygen and carbon's importance comes from being the third and fourth most abundant elements in the Universe, respectively. In addition, they have both been targeted as being responsible for the lowering of the solar metallicity (Asplund et al. 2005a ), that has caused major discrepancies between helioseismic inversions and solar models (Castro et al. 2007 ). Therefore, it is worthwhile investigating whether magnetic fields could have something to say in this regard.
In total we consider 57 spectral lines: 29 of Fe I, 15 of Si I, 9 of C I and 4 of O I. Their properties are summarized in Table 1 . They have been adopted from Asplund (2000) and Asplund et al. (2000 Asplund et al. ( , 2004 Asplund et al. ( , 2005b . We have rejected those lines for which accurate collisional parameters (under the ABO theory; Anstee & O'Mara 1995; Barklem & O'Mara 1997; Barklem et al. 1998) were not found. Note that only one line, Si I 5665.555Å has a zero Landé factor: g eff = 0. Several neutral iron and carbon lines are potentially very sensitive to magnetic fields: g eff 2.
2.3. Intensity profiles under the presence of a magnetic field
Ignoring off-diagonal elements in the propagation matrix, the main contributor to the intensity profiles is η I (Wittmann 1974; del Toro Iniesta 2003) :
where η 0 is related to the abundance of the element, the excitation potential of the lower level and the transition probability of the atomic transition (Landi Degl'Innocenti 1976) . γ refers to the inclination of the magnetic field vector with respect to the observer. Since it appears as cos 2 γ and sin 2 γ, its contribution is the same regardless of the polarity of the magnetic field (see Footnote 1). Treating the real Zeemann pattern as an effective triplet (J = 1 → J = 0), the functions φ p , φ r and φ b refer to the Voigt profiles for the Π (∆M = 0), blue (∆M = −1) and red (∆M = 1) components of the Zeeman pattern, respectively. The former is centered at λ 0 (central laboratory wavelength), whereas the latter ones are shifted by an amount ±λ B with respect to the Π component.
where C = 4.67 × 10 −13 [Å Gauss] −1 , B is the strength of the magnetic field (measured in Gauss), and g eff is the effective Landé factor of the spectral line.
A number of remarks are in order. First of all, in the absence of a magnetic field (or if g eff = 0), φ p = φ r = φ b and therefore η I = 1 + η 0 φ p /2. Also, it is interesting to see that the blue and red components are always present independently of the orientation of the field. When the field is small enough the splitting is much smaller that the Doppler width of the spectral line, λ B ≪ ∆λ D , causing the spectral line to broaden. In the opposite case, λ B ≫ ∆λ D , they appear as two separate spectral lines with half the strength of the spectral line in the absence of magnetic field. Finally, the central Π component vanishes for magnetic fields aligned with the observer (γ = 0) causing the line core to desaturate.
3. effects on the magnetic field in the abundance of fe, si, c and o
We now proceed to calculate synthetic Stokes I profiles of the spectral lines in Table 1 . We use the numerical code and the atmospheric model described in Sect 2.1. We consider a magnetic field with a varying strength and inclination: B = [0, 500] Gauss, γ = [0, 90] deg. We consider also standard solar abundances: log ǫ F e = 7.45 , log ǫ Si = 7.51 (Asplund 2000) , log ǫ C = 8.39 (Asplund et al. 2005b ) and log ǫ O = 8.66 (Asplund et al. 2004 ). The resulting profiles are then fitted with different abundances but assuming that there is no magnetic field. For Fe I we use log ǫ F e = [7.30, 7.80] From the comparison of the original profiles with magnetic field and fixed abundance with those where the abundance varies and the magnetic field is neglected, we obtain a χ 2 − log ǫ curve for each spectral line. We therefore infer for each line an optimum abundance, as the one that minimizes the χ 2 curve. No other free parameters are considered. An example of this process is presented in Figure  1 using the spectral line Fe I 6136.994Å a magnetic field of B = 250 Gauss and γ = 60
• . The final inferred abundance is obtained as the mean of the best-fit abundances from all spectral lines of that atomic element. with magnetic field (B = 250 Gauss; γ = 60 • ) and an iron abundance of log ǫ F e = 7.45, and the intensity profile of the same spectral line without magnetic field, as a function of the abundance. The abundance that produces the best fit to the former profile is log ǫ F e ≃ 7.49. Figure 2 presents the errors ∆ log ǫ = log ǫ fit − log ǫ real (as a function of the magnetic field strength and inclination) introduced in the abundance of Fe I, Si I, C I and O I, when the magnetic field is not accounted for. As expected, the larger the field strength the larger the error. Neutral iron, with up to ∆ log ǫ Fe ≤ 0.1, presents the largest deviations. For the rest of considered elements the magnetic field seems to have only a marginal effect: ∆ log ǫ Si ≤ 0.01 and ∆ log ǫ C,O ≤ 0.02.
We also find that vertical fields underestimate the correct abundance, whereas the opposite happens for more inclined magnetic fields. This can be explained attending to Sect 2.3 (Equation 1). For vertical magnetic fields, γ = 0
• , the Π component of the Zeemann pattern is absent, leading to a desaturation of the core intensity and therefore requiring a smaller abundance to fit the line profile. An example with Fe I 5250.209Å is presented in Figure 3 (left panel). However, when the magnetic field is horizontal, γ = 90
• , the line mainly broadens and thus yieling a larger abundance. See example for Fe I 6200.313 A in Figure 3 (right panel). We must also consider that different regions of solar and stellar atmospheres can posses magnetic fields with different inclinations. For instance, in the case of the solar granulation, where the field is mostly horizontal in the granules (upflowing gas), but is generally vertical in intergranular lanes (downflowing gas). Since the inclination that matters is with respect to the observer, this situation reverses as we move towards higher latitudes or towards the solar limb. Many other low and intermediate-mass stars also posses an outer convective layer. In addition, strong magnetic concentrations also display a variety of inclinations: star-sunspots (umbra and penumbra), pores, network regions etc. Although they are normally avoided in the Sun, in the stellar case they certainly contribute to the observed profiles.
Since vertical and horizontal fields seems to have opposite effects in the derived abundance it is appropriate to study whether they can cancel each other out when a mixture of different inclinations is present. To study this effect we have carried out a similar experiment as the ones previously presented, being now the difference that we average the intensity profiles obtained with 4 different inclinations, γ = 0, 30, 60, 90
• (with the same field strength) before inferring an abundance for each spectral line. In this case, the errors in the retrieved abundance are much smaller (see solid line in Figure 2 ), being only perceptible for the case of neutral iron: ∆ log ǫ Fe ≤ 0.02. This simulation is very simple in the sense that it does not include different temperature stratifications, different velocity fields, etc. However, it helps to highlight that the aforementioned cancellation effect can indeed take place. This cancellation effect in Stokes I due to vertical and horinzontal magnetic fields, is similar in a way to the cancellation of circular polarization signals due to a mixture of magnetic fields pointing towards and away from the observer. From these results we conclude that the effect of neglecting the role of the magnetic field in abundance determinations strongly depends on the atomic specie and spectral line under consideration, as well as the strength and inclination of the magnetic field. From the four atomic species considered, it appears to have a measurable effect in the case of Fe I only. It could be marginally important for Si I, C I and O I only if the magnetic field had a clearly preferred orientation. In stellar atmospheres, where we observe disk-integrated signals, this is unlikely the case. In addition, magnetic fields do not appear as a plausible source of error in the current controversy of the solar carbon and oxygen abundance.
a phenomenological model
The different behavior seen in Fe I as compared to the other three elements considered cannot be understood in terms of the magnetic sensitivity of the lines used, as most of them have similar Landé factors ranging from g eff = 1 − 2. The source of these differences must be therefore thermodynamic. In this section we will develop a tool to differentiate whether a given spectral line of a particular atomic element is prone to yield unreliable abundances. To that end we assume that the error in the inferred abundances, that appears as a consequence of neglecting the magnetic field, is directly proportional to the changes in the line profile in the presence of a magnetic field:
where we use maximum of the absolute value since the derivative changes sign as a function of wavelength. Attending Equation 1, we will model the intensity profile as a combination of three Gaussian, where two of them are shifted by an amount ±λ B with respect to the central laboratory wavelength λ 0 . The third Gaussian is centered at λ 0 and possesses twice the strength of the other two.
where I 0 and ∆λ refer to the core intensity and the Doppler width of the spectral line in the absence of magnetic field. That is,
Note that ∆λ is related to the HWHM of the Gaussian profile by a constant factor: HWHM= √ log 2∆λ ≃ 0.832∆λ. Table 1 presents the values of I 0 and ∆λ obtained from a Gaussian fit to the intensity profiles in the absence of magnetic field for each spectral line. Finally, Equations (2)-(4) can be combined to write:
This procedure is very similar to the one used in Cabrera Solana et al. (2005) but using Stokes I instead of the circular polarization, Stokes V . Equation 6 allows to predict the effect of ignoring the magnetic field using: properties of the spectral line (regardless of the atomic specie) in the absence of a magnetic field (I 0 , ∆λ, λ 0 ), Landé factor g eff (given by the electronic configurations) and the strength of the magnetic field (used to calculate λ B ). Note that the inclination of the magnetic field does not play any role. The factor [cos 2 γ + 1] does not help to explain the fact that for vertical fields ∆ log ǫ < 0, but ∆ log ǫ > 0 for horizontal fields. Therefore it is more appropriate to write:
where the calibration constant A(γ) can be determined for different field inclinations using our results in Section 3. This is done in Figure 4 , where we plot the left-hand side term of Equation 6 (obtained from Section 3) versus the right hand-side of the same equation (evaluated using Table 1 ) for two limiting inclinations: γ = 0 • (upper panel) and γ = 90
• (lower panel) for all spectral lines. As it can be seen the correlation is good enough to empirically justify, in first approximation, our assumption in Equation 3. That is, the more a spectral line is affected by the magnetic field, the more unreliable the derived abundance will be if the magnetic field is not considered. In addition, all spectral lines seem to follow a linear relation regardless of the atomic specie. The present model explains why Fe I is affected by the magnetic field more than Si I, C I and O I. As already mentioned, this is not due to the different Landé factors, but rather due to their different sensitivity to thermodynamic parameters: I 0 and ∆λ. Narrower and deeper spectral lines (∆λ and I 0 small) such as the ones from Fe I, are more sensitive to the magnetic field than weak and broad spectral lines.
It is also interesting to notice that the selected C I lines are broader and weaker than those of Si I and O I. Despite this, carbon is affected by the magnetic field as much as the other two (see Fig. 2 ). The reason is that the employed C I lines are located at larger wavelengths, λ
, and therefore the Zeeman splitting is larger (Eq. 2 and 7).
Since we use the same temperature stratification, the different I 0 's and ∆λ's among the selected spectral lines can only be due to differences in the excitation potential of the lower level χ l , transition probability log gf , and collisional broadening parameters α and σ. In first approximation, the former two would be related to I 0 whereas the latter two determine ∆λ.
The utility of the procedure described here lies in the fact that whenever another spectral line is considered (regardless of the atomic element), we can use this method to evaluate Equation 7, and therefore calculate its approximate position in Figure 4 . This will give us an idea of the error introduced by ignoring the effects of the magnetic field, even if a numerical code that solves the radiative transfer equation in the presence of a magnetic field is not available. 
convective vs magnetic broadening
In our simple 1D model the convective broadening is introduced through the macro and microturbulent velocities, whereas in a more realistic 3D modeling this broadening naturally occurs when adding the profiles emerging from different regions (i.e.: granules and intergranules) in the solar atmosphere. At first glance it seems plausible for this convective broadening to mask the magnetic one, thus making the contribution of the magnetic fields even more negligible. However, we must take into account that the individual intensity profiles emerging from different regions of the solar atmospheres are already affected by the magnetic field. Therefore, when all intensity profiles are added up to produce the corresponding convective broadening, the fingerprints of magnetic field will still be visible.
To prove this statement we have carried out a simple simulation of the process previously described. To that end we synthesize intensity profiles of Fe I 5247.05Å (g eff =2) without magnetic field and no net line-of-sight velocity, but using a macroturbulent velocity of 2 km s −1 . The resulting profile is plotted in Figure 5 (I 1 , thick dashed  line) . We then repeat this synthesis but now including a vertical magnetic field, γ = 0
• , with a strength of 1000 Gauss. The resulting profile is plotted in Figure 1 (I 2 , thick solid line).
Next we perform a similar synthesis, where: a) we set the macroturbulent velocity to zero; b) we include a vertical field of 1000 Gauss and, c) we use a net line-of-sight velocity that changes from −4 km s −1 to 4 km s −1 . Each of the emerging profiles is indicated by one of the thin dashed lines in Fig. 1 (labeled as I k ) . With this we try to simulate the effect of having different structures affected by convective velocity fields. We then add all those profiles using a weighting function with a Gaussian shape in order to mimic the macroturbulence. The resulting profile is indicated in Fig. 1 as I 3 (squares) .
where the FWHM of the Gaussian weighting function is equivalent to a macroturbulent velocity of 2 km s −1 . As it can be seen, I 3 = I 2 . Therefore, the broadening due to convective motions does not hide the broadening produced by magnetic fields. Our simulations do not consider that this magnetic field is probably different in granules (upflows) and intergranules (downflows). We also use the same temperature stratification in all cases. Considering a more realistic case (using results from 3D MHD simulations) might yield slightly different results, but the same basic idea will apply also in that case. In this example we have used a relatively strong magnetic field (1000 Gauss) to facilitate a visual comparisons in Fig. 5 , but it is worth mentioning that repeating the experiment with smaller fields leads to the same result. dashed line, I 1 was obtained using a macroturbulent velocity of vmac = 2 km s −1 . In addition to this, we include a magnetic field with: B = 1000 Gauss and γ = 0 • , thus obtaining I 2 (thick solid). Individual thin dashed lines, I k , were obtained with vmac = 0, B = 1000 Gauss and γ = 0 • and a varying v los from −4 km s −1 to 4 km s −1 to simulate a convective velocity field. All I k are added up into I 4 according to Eq. 8 and 9.
To provide further support to our argument we have recalculated the effects of the magnetic fields in the abundance (as done in section 3) but using a smaller macroturbulence: v mac = 1 km s −1 . The resulting plots are identical to those in Fig. 2 . This result might seem at odds with Eq. 7, since the new macroturbulent velocity changes the values of ∆λ and I 0 . However, if we repeat the calculation of the calibration curves in Fig. 4 no differences are observed in ∆ log ǫ as compared to the case with v mac = 2 km s −1 . In order for this to happen, the only possibility is that the horizontal axis changes. This results in a different calibration constant A(γ) but equal errors in the abundance.
conclusions
Ignoring the broadening caused by the magnetic field when fitting the intensity profiles of spectral lines, may lead to an erroneous determination of atomic abundances in the Sun and other magnetically active stars. Although there have been previous works where the magnetic field has been considered (Kochukhov et al. 2004; SocasNavarro & Norton 2007) , to our knowledge this is the first systematic study aiming at quantifying the role of the magnetic field. Our results indicate that Fe I lines are more affected than lines from elements like Si I, C I or O I. We have shown that vertical magnetic fields lead to an underestimation of the real abundance, while horizontal fields tend to overestimate it. In a more real situation, where the spectral lines would receive contributions from magnetic fields with different inclinations, these two effect are likely to cancel each other, making the contribution of the magnetic field almost negligible with the exemption of perhaps Fe I. It is important to mention that the degeneracy between magnetic fields and abundances occurs only for small fields, since for very large magnetic fields, the spectral line is fully split in its different Zeemann components (see for example Nesvacil et al. 2004) . We have also developed a phenomenological model that can used to determine if a particular spectral line is suitable for abundances studies that do not consider the effect of the magnetic field.
Our analysis 1D LTE analysis neglects the effect of having variations in temperature stratifications and/or convective velocities fields. Therefore, our results apply only if all those others possible sources of errors can be eliminated. If that was not the case, the error introduced by the magnetic field would be of second importance. This situation is highlighted by the work of Socas-Navarro & Norton (2007) , who in spite of consistently considering the magnetic field, obtained strong discrepancies between the inferred abundances in quiet solar regions (e.g.: granulation) and magnetic regions (e.g.: pores). The source of those discrepancies is therefore to be ascribed to small (< 100 K) errors in the temperature stratification.
It would be ideal to repeat this work using realistic 3D MHD simulations (using several initial magnetic fluxes) in order to model more realistically the different temperatures, velocities, field strength and inclinations present in solar and stellar photospheres. However, our work does provide a first hint that magnetic fields are an unlike source of large errors in abundance determinations, unless a very particular spectral line or a very particular magnetic configuration is present.
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